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Vibronic Structure in the S1—S Transition of Jet-Cooled Dibenzofuran
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Fluorescence excitation spectra of dibenzofuran in a supersonic jet are observed and the vibronic structure is
analyzed for the S'A; (z7*) and S states. An observation of the rotational envelopes reveals thafthe 0
band is a B-type band. However, it is shown that most of the strong vibronic bands are A-type bands. The
intensity arises from vibronic coupling with the, 8B, state. We find a broad emission in the dispersed
fluorescence spectrum for the excitation of the high vibrational levels in th&te®e. This indicates that
intramolecular vibrational redistribution (IVR) occurs efficiently in the isolated dibenzofuran molecule.

Introduction Z(b)
Dibenzofuran is one of the prototypical molecules of toxic T
dioxins! This molecule is also interesting from a spectroscopic 0
point of view and many studies have been conducted in the X0 — Y(a)
solid state and gas pha&€. Recently, we have observed the

rotationally resolved ultrahigh-resolution spectra of the-S

S, transition of dibenzofuran in a collimated molecular bé&am. Figure 1. Molecular structure and rotational axes of dibenzofuran.

The isolated dibenzofuran molecule is shown to be planar in

both the § and S states by an accurate determination of

rotational constants. Furthermore, tHgb@nd has been shown

to be a B-type band, where the transition moment is along the

2-fold symmetry axis, and the; State has been identified as 3¢

the A; (mz*) state. The rotational constants of the &hd S (L]

states are almost the same. Therefore, it is considered that the 19

stable conformation does not change significantly by electronic 5

excitation. In this case, thegoaand is generally strong and

vibronic bands are relatively weak. However, many vibronic

bands are strong in the fluorescence excitation specttumina _ ., ., 7 T T T

supersonic je¥"11 This indicates that the,;SA; (wr*) state is 1000 500 0 !

remarkably mixed with another excited state by vibronic rigyre 2. Fluorescence excitation spectrum of dibenzofuran in a

interaction. In fact, the3)+ 443 cn! band, which is stronger  supersonic jet.

than the @band, is shown to be an A-type band by analyzing

the rotationally resolved spectrum. The transition moment is observed when the high vibrational level is excited. We discuss

along the long axis of the molecule; this has been previously intramolecular vibrational redistribution (IVR) in the States

shown an a polarization study of the polyethylene fiim. of the isolated dibenzofuran molecule.

To elucidate the vibrational structure and the direction of the

transition moment for each vibronic band, we have examined Experimental Section

high-resolution fluorescence excitation spectrum and the rota-

tional envelopes of prominent vibronic bands in the supersonic ~ Dibenzofuran (Nacalai Tesque) was recrystallized from

jet. The results and analysis are described in this article. We €thanol and the solid sample was heated toIDD a stainless

have also observed dispersed fluorescence spectra for thesteel container. The vapor was mixed with Ar gas (3.5 atm)

excitation of several vibronic bands. A broad emission is @nd expanded into a vacuum chamber through a pulsed nozzle
(automobile fuel injector, orifice diameter of 0.8 mm) to produce

* Address correspondence to this author. Fax:81)75-753-4065. a supersonic j_‘i‘t- The light source was a tunable dye laser
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TABLE 1: Vibrational Energies and Assignments of the Si'4, — 8,'4, . S:'By — Sy'A,
Bands Observed in the Fluorescence Excitation Spectrum of 0&“
the S TA(xr*) — S Transition Yy — B, 9599 Yy —————— B,
band no. vibrational energy (crf) band type assignment 7o
1 0 B Og (33 644 cml) Vs —A A, :‘ @% Pus A A
2 209 B 205 () Py
3 410 A 575 (b2) Vs ——F— B @ o.i? Vs ——— B
4 443 A 56t (by) A i
/5 458 A 56; (b2) . ,
6 516 A 38, (b1)57; (b2) Yua A, “" Y —t—— 4,
7 548 A 3% (bl)ssé (b) '. '
8 561 A 38, (b1)56; (b2) g o y ) —
9 649 A 20 ()56 (b2) Yo By ~ i B
10 690 A 54; () g
11 707 B 17 (@) Ve A, g@ Yo —e—e— A,
12 711 A )
13 832 B 165 (a) Figure 3. Calculated molecular orbitals and \; (z7*) — S and
14 848 A S 1B (w*) — S transitions.
15 857 A
16 863 A -
17 872 A (a) A-type band (Calc.)
18 876 A
19 899 A 203(a1)5401 (by)
20 915 B
21 919 A
22 975 A
23 980 B
24 989 A
gg 1818 g P I AT I T
27 1052 B 2 1 0 41 _1'2
28 1065 B cm
29 1071 B
30 1079 A (b) B-type band (Calc.)
31 1083 A
32 1090 A
33 1097 Aand B
34 1101 A
35 1115
36 1149 A
37 1184 A

cm™Y) pumped by an excimer laser (Lambda Physics LPX 105i, T T T T

10 Hz, 150 mJ). UV light was obtained by the second harmonic 2 1 0 -1 -2

generation using a BaB, crystal. This laser beam intersected cm’!

the supersonic jet at right angles. The distance between therigure 4. Rotational envelopes for (a) A-type and (b) B-type bands
nozzle and the intersection point was 10 mm. Fluorescence wascalculated at the resolution of 0.1 chusing the rotational constants
collected using a lens and detected by a photomutiplier tube of A" = 0.075 989B" = 0.020 047 an€C" = 0.015 867 cm for the

(Hamamatsu, R928) through a color filter (Toshiba, UV33) to o state and\' = 0.075 2778 = 0.019 831 an€' = 0.015 694 cm*
block the scattered laser light. for the S state and the rotational temperature of 10 K.

The integrated fluorescence intensity was obtained using a . . .

boxcar integrator (Stanford Research, SR 250). The fluorescenceOf the o_bser_ved vibronic ban_ds relative to th& iand are
excitation spectrum was produced by recording the intensity assumr_nanze_d in Table 1. To assign Fhese bands, we use symmetry
a function of the laser light wavelength. The energy of a UV considerations and perform ap Initio calgulatlons.

laser pulse was approximately 1 mJ. The dispersed fluorescence In our recent study on ultrahigh-resolution spectroscapy, the

spectrum was observed using a monochromator (Nikon sto)dmenzofuran molecule IS _shown to be _planar in both the S
with a resolution of 30 crmt and § states The transition moment is along the 2-fold

symmetry axis of the molecule)(and the $state is identified

as the'A; (nz*) state. The @band of the $— S transition is

the B-type band. In contrast, we find a strong peakQf
Figure 1 shows the structure and rotational axes of the transitions near the center of th§-® 443 cm® band. This is

dibenzofuran molecule. The fluorescence excitation spectrumthe A-type band, and the transition moment is alongythis,

of dibenzofuran in the supersonic jet for the<S S transition which is the in-plane long axis. It is assumed that the intensity

is shown in Figure 2. Theg(band is located at 33 644 crh of this band arises from vibronic coupling with another excited

and many vibronic bands have high intensities. We identify the state. As shown later, theger 443 cm! band is assigned to

vibronic bands by assigning consecutive numbers. Some vi- the transition to the’ = 1 level ofvss (b2), which is described

bronic bands identified as hot bands changed the relative as 55,

intensity with a decrease in the pressure of Ar gas. We did not  First, we consider the vibronic interaction in the dibenzofuran

give the band numbers for the hot bands. The excess energiesnolecule. The vibronic wave function in the Ber@ppenhei-

Result and Discussion
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Figure 5. Rotational envelopes of fluorescence excitation spectra and dispersed fluorescence spectra for prominent vibronic band#\of the S
(m*) — S transition. For example, “209 band (2)” indicates tlﬁe+0209 cntt band (band number 2).

mer approximation is expressed as follows

W, (A.Q) = 1(4,Q)¢e,(Q)

where g and Q denote the electron and vibrational normal
coordinates, respectively«(q,Q) is the electronic wave function
of the e electronic state, ang.,(Q) is the vibrational wave
function of thewth vibrational level. The electronic transition
moment for the e €' electric-dipole transition is given by

Mg (v/,0") = W, |u|We, U

= [, (Q)ltte - (Q")|¢e,(Q")T

This can be expanded in the Taylor series of itienormal
mode around the minimum geomet®y' in the €' state,

Yt
o o(Q") ~ ty_o(Qy) + ZT(Q‘”_ )+ (3)

whereQ; is the normal coordinate of thith mode. In the strong
allowed dipole transition, the intensity of the vibronic band is
calculated using only the first term, which is termed as the

Franck-Condon approximatidd=14 and

Mgge” = Ug-g(Q")be,(Q)Ide,(Q")T

The absorption intensity of the vibronic band is proportional to
the square of the transition moment and FranClondon factor,

| @e’v’(Q'N(Z’E"v”(Q”) [ﬂ2

In the forbidden transition or weak dipole transition, the

T g e } B . .
Mg e = ZB—Q@QU'(Q)KQ — Qu)lpe ,(QM)T (5)

It arises from the mixing of the electronic excited states by the
vibronic interaction. This is “intensity borrowing” from the other
allowed electronic transitions. The vibronic interaction originates
from the breakdown of the BorrOppenheimer approximation,

i.e., the interaction between nuclear displacements and electrons.
In this case, the direct product of the symmetry species of the
electronic wave functions of the borrowingiand lending ()

states should be the same as the symmetry species of the induced
modeQ; in Cy,:

LM ® T(ed) =T(Q) (6)

The HT approximation is valid in most cases and theoretical
calculations have been performed for aromatic moleciies,
although quantitative treatments of the adiabatic interaction are
required in the strong coupling ca&e??

We consider the electronic excited states and vibronic
interaction in dibenzofuran. We perform the theoretical calcula-
tions of molecular orbitals and allowed electronic transitions
using Gaussian 03 program pack&@)@he results are shown
in Figure 3. The $state is identified as th&\;(zz*) state by
ultrahigh-resolution spectroscopy.here are two configurations
of the 1A; state 4 (HOMO) — y46(LUMO + 1) and yaz
(HOMO — 1) — y45(LUMO). These two excited states of the
same symmetry species are mixed by configuration interaction
and the energies change remarkably. The energy of one of the
mixed states becomes less than that of the state of the
Ya4(HOMO) — w45(LUMO) excitation, which is the $

second term contributes to the absorption intensity of the 'Bz(n*) state. We could not identify thej®and of the $—
vibronic band. The truncation after the second term is repre- S transition in the supersonic jet. It is assumed that the strong

sented by the Herzbergeller (HT) approximatiort16 The

transition moment is given by

peak at 41000 cri in the vapor absorption spectrum is
attributed to this @band? The energy is approximately 7300
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cm1 higher and the absorption intensity is considerably stronger TABLE 2: Calculated and Observed Vibrational Energies of

than that of the §— & transition. The $A;(*) state is

Dibenzofuran

mixed with the $ 1By(wr*) state by the vibronic interaction.

sym-
Further, b vibronic bands appear in the excitation spectrum of metry no.

vibration type

the § — S transition by the intensity borrowing from the S

— S transition and the level energy decrea®e8This spectral
feature is similar to that of the ;S— & transition of
naphthalené> 27 although the symmetry is lower in dibenzo-
furan. The b vibrational level in the $A; state couples with

the S 1B, state and the intensity of the vibronic band arises.
Because the direction of the transition moment is different, we
can identify the symmetry of each vibronic band by observing
the rotational envelope. It is possible to distinguish between
A- and B-type bands even by the observed spectrum using the
supersonic jet and a nanosecond pulse laser with a resolution
of 0.1 cnT’. We determine the rotational envelopes for the A-
and B-type bands, as shown in Figure 4. The A-type band is
easily distinguished from the B-type band by the strQngeak
near the band center and steeper edges oPthad R peaks.

The observed rotational envelopes are shown in Figure 5, and
the transition types of the vibronic bands are summarized in
Table 1.

Next, we attempt to assign the vibrational modes for the
observed vibronic bands by referring to the results of the ab
initio theoretical calculations. We calculated energies of normal
vibrations in the gand S states at the levels of B3LYP/6-
311G(d,p) and RCIS/6-311G(d,p), respectively, and scaled them
by factors of 0.9614 and 0.8970 for the &nd S states,
respectively, as recommended by Scott and Ra#fo@n the
basis of the theoretically calculated vibrational energies and
observations of the band types, we could assign several vibronic
bands unambiguously.

First, the @ + 209 cn1! band (band number 2) is the B-type
band, which is a vibronic band of the mode. The smallest
value in the calculated vibrational energy of thex@de is 206
cm~1 of v,0. v is a vibrational mode of the symmetric rotation
of the two phenyl rings. This value is in good agreement with
the observed energy. To confirm the assignment, we must
determine the vibrational energy in thg Sate. We observed
the dispersed fluorescence spectrum for the excitation ofgthe 0
band. The result is shown in Figure 5 and the observed
vibrational energies are summarized in Table 3. The 211'cm
band is assigned to ?_OThis value is also in good agreement
with the calculated value 212 cth Other B-type bands of 707
and 832 cm! (band numbers 11 and 13) in the fluorescence
excitation spectrum are assigned tqﬁ and 1%, respectively.
The calculated values are 693 and 825 &nand the error is
less than 3%.

However, the observed vibrational energies of thenode
in the S state are not in good agreement with the calculated
values. The level energy of the kibration in the $ state is
considered to be reduced by the vibronic coupling with the S
1B, state. On the other hand, the vibrational energy in the S

fluorescence spectra for the excitation of tHg+40 410, 443
and 458 cm! A-type bands (band numbers-3), and found

ag

by

b,

C—H stretch

C—H stretch

C—H stretch

C—H stretch

C—C stretcht+ C—H bend
C—C stretcht+ C—H bend
C—C stretcht+ C—H bend
C—C stretcht+ C—H bend
C—C stretcht+ C—H bend
C—-C stretch+ C—H bend
C—0—C sym stretch
C—H bend

C—H bend

C—H bend

C—H bend

C—0O—C bend+ ring deform.

ring deform.

C—0—C bend+ ring deform.

ring deform.

rings sym rotation

oop C-H wag.

oop C-H wag.

oop C-H wag.

oop C-H wag.

oop ring deform.

oop ring deform.

oop ring deform.

antisym butterfly

ring torsion

oop C-H wag.

oop C-H wag.

oop C-H wag.

oop C-H wag.

oop ring deform.

oop ring deform.

oop ring deform.

oop C-O—C wag.

butterfly

C—H stretch

C—H stretch

C—H stretch

C—H stretch

C—C stretch+ ring deform.
C—C stretch+ ring deform.
C—C stretch+ ring deform.
C—C stretch+ ring deform.
C—C stretch+ ring deform.
C—H bend

C—0—C antisym stretch
C—H bend

C—H bend

C—H bend

ring deform.

ring deform.

ring deform.

ring deform.

rings antisym rotation

SO 1Ala S:L 1Alb
calc (obsy calc (obs)
3078 3025
3067 3015
3055 3007
3046 2990
1606 1604
1568 1550
1462 1437
1414 1434
1331 1379
1282 1284
1216 1227
1171 1174
1126 1115
1079 1051

993 963

831 825 (832)

729 693 (707)

646 630

414 403

212 (211) 206 (209)

943 904

907 844

830 776

736 684

723 639

559 483

429 390

282 244

146 128

944 905

908 847

832 767

737 699

709 646

552 501

414 343

305 287

103 (105) 97 (106)
3078 3022
3066 3012
3054 3006
3045 2990
1576 1681
1558 1499
1445 1468
1426 1414
1304 1403
1257 1253

1168 1183
1133 1129
1088 1053
1001 986

980 910

828 761 (690)

605 (610) 585 (443)

546 (568) 527 (458)

505 (443) 506 (410)

aResults of the B3-LYP/6-311G(d,p) level are scaled by 0.9614.
state is expected to be close to the calculated value. To determiné Results of the RCIS/6-311G(d,p) level are scaled by 0.89D@-
the vibrational energies in the State, we observed the dispersed termined using the dispersed fluorescence spectra with an accuracy of

+10 cnT™. 9 Determined using the fluorescence excitation spectra with
an accuracy oft1 cnrt.

prominent bands at the vibrational energies of 443, 610 and cm 1. It suggests that the gﬁeva is remarkably shifted by the

568 cnrl, respectively. Therefore, th(% & 410, 443 and 458

vibronic coupling. It is consisitent with the high intensity of

cm~1 bands in the fluorescence excitation spectrum are assignecthis vibronic band. The observed energyigf in the $ state

to 57, 55 and 5, respectively. The vibrational energy o
in the § state is 610 cmt, and the calculated value is 605
cmL. In contrast, the vibrational energy in the Sate is 443

agrees with the calculated value within the error of 4%.
However, the error is larger than 10% fay;. Other assignments
are not realistic because the vibrational energy ofithisnode

cm, which is significantly less than the calculated value 586 is the smallest in thejwibrations.vs; is a vibrational mode of
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TABLE 3: Vibrational Energies and Assignments of the
Bands Observed in the Dispersed Fluorescence Spectrum

for the Excitation of the 08 Band of the § 1Aj(77r*) — S
Transition

band no. vibrational energy (cr#) assignment

1 0 0 (33 644 cmY)
2 211 20 (an)
3 568 56, (by)
4 610 55, (by)
5 655
6 858
7 1008
8 1203
9 1236

10 1305

11 1476

12 1606

13 1854

14 1958

15 2256

16 2440

17 2504

18 2612

19 2684

20 2854

the antisymmetric rotation of the two phenyl rings. Thus, the

assignments for these three A-type bands are reliable. The nexty,

A-type (ﬁ + 690 cm! band (band number 10) is also
unambiguously assigned to (’;54

Thus, we have experimentally determined the vibrational
energies of several modes in the Sate. Most of the strong
bands are identified as the flundamental bands. Evidently,
the weak bands at 516, 548 and 561 érfband numbers-68)

are the combination bands of the bands at 410, 443 and 458

cm™! (band numbers -35) with another mode of 106 cr.
This small energy is produced by an out-of-plane vibrational
mode and is assigned tag(b1) by referring to the calculated
energies. A b® b, = & vibronic band is symmetry forbidden.

Baba et al.

even in the lower energy region because several low-frequency
modes exist and the symmetry is lower. Therefore, the IVR
threshold energy is less than that of aromatic polyacenes with
a similar molecular size.

In summary, the fluorescence excitation spectrum and
dispersed fluorescence spectra in which a single vibronic level
is excited have been observed and analyzed for {R& z*)

— & transition of jet-cooled dibenzofuran. We have also
observed the rotational envelopes of the vibronic bands in the
excitation spectrum and assigned the observed vibronic bands
by referring to the results of theoretical calculations. The b
vibronic bands are strongly observed and the intensity is
considered to arise from vibronic coupling with the'B; (z*)

state. Remarkably, a broad emission originating from the IVR
is observed for the high vibrational levels in the Sate.
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